In rail universal rolling, the forward slip coefficient is one of the most important parameters. For simplifying the analytic model, the vertical roll with box pass has been simplified as an equivalent flat roll firstly. Then the equation of neutral line and the area of forward slip zone on the flank of horizontal roll have been derived. Furthermore, the horizontal resultant force acting on the rolled workpiece has been obtained and the forward slip coefficient of rail universal rolling has been proposed. For verifying the theoretical model, the universal rolling process of 60 kg /m heavy rail and 18 kg /m light rail have been simulated by the RigidPlastic FEM software DEFORM-3D V5.0, and the universal rolling experiments of 18 kg/m light rail has been accomplished in the Yanshan University Rolling Laboratory. Moreover, the theoretical results and numerical simulation results of forward slip coefficient are in agreement with the experimental data basically. So, this theoretical model can be applied in rail universal rolling. (3) where H f is the height of box pass, W t0 is the width of incoming workpiece, W t1 is the width of outgoing workpiece, B 0 is the minimum width of box pass, B f is the maximum width of the box pass. it can be shown as (11) where b t is the spread coefficient of the top of rail, c m is the influence factor of the material on the spread (Table 1) , c wt is the deformation conformity factor between the web of rail and the top of rail, w f is the proportion between the volume of metal flowing to the cross section and the total volume of metal flow, G vt is the roll gap, R vt is the maximum radius of vertical roll rolling the top of rail, j is the friction factor of box pass.
Introduction
Since 1970s, the universal rolling method has been applied in H-beam rolling widely and the corresponding theoretical research has been carried out, [1] [2] [3] [4] [5] [6] [7] [8] moreover, the numerical simulation by FEM has been used in universal rolling prosess. [9] [10] [11] Then the theory of universal rolling method has been developed and improved. Although the universal rolling method has been also applied in heavy rail rolling for 30 years, there are few theoretical research about the rail rolling by universal mills. At present, the application of universal rolling method becomes more and more prevalent in producing the high-precision rail, and it has been replacing conventional producing methods gradually. For the certain similarity of rail rolling and H-beam rolling, the result of theoretical research about H-beam rolling can be applied as an available reference in rail rolling.
The universal mill comprises four rolls, two horizontal drive rolls and two vertical driven rolls (Fig. 1) . The horizontal roll and the vertical roll of rolling rail base is flat, but the box pass has been grooved on the vertical roll of rolling rail head.
At present, the following methods have been applied in the derivation of forward slip coefficient of universal rolling generally: (1) force equilibrium method; (2) analogical method; (3) regression method; (4) theoretical-empirical equation method. By the force equilibrium method, many influence factors have been considered in the derivation process of forward slip coefficient. So the forward slip coefficient of rail universal rolling is derived by the force equilibrium method in this paper.
The Simplified Model of Vertical Roll for Rolling the Top of Rail
In rod (or bar) rolling process, the roll surface is not flat for the groove on the roll, so previous researchers [12] [13] [14] proposed the concept of "mean roll radius", which has been used as equivalent radius to replaces the varying roll radius along the roll axis. In earlier work by Yong-gang Dong and Wen-zhi Zhang, 15) the concept "critical point on the contact boundary" was proposed , moreover, a new analytical model for the calculation of mean roll radius in RoundOval-Round pass sequence was represented.
In rolling the top of the rail, the roll radius is not constant along the direction of vertical roll axis. For simplifying the model of rail universal rolling, the vertical roll with box pass can be simplified as an equivalent flat roll, the radius of which is equal to the mean roll radius of box pass.
As can be seen in Fig. 2 , the stress free surface of the outgoing workpiece, which does not contact with the side wall of box pass, can be predicted as an oblique plane. The angle q of this plane varies from 0 to a with the change of the maximum spread Db t in the box pass. (11) where b t is the spread coefficient of the top of rail, c m is the influence factor of the material on the spread (Table 1) , c wt is the deformation conformity factor between the web of rail and the top of rail, w f is the proportion between the volume of metal flowing to the cross section and the total volume of metal flow, G vt is the roll gap, R vt is the maximum radius of vertical roll rolling the top of rail, j is the friction factor of box pass.
The width of the top of rail at the exit section W b1 can be calculated by the modified S. Ekelund spread equation (15) where c wb is the deformation conformity factor between the web of rail and the top of rail, l b is the length of contact zone of the base of rail.
In this paper, the critical point is defined as the point on the contact boundary at the exit section. It affects the contact status and the shape of the outgoing workpiece directly, so it is indispensable for determining the mean roll radius.
At the exit cross-section, the critical point (C y , C z ) can be determined by the intersecting point between the stress free surface and the side wall of box pass. So the critical point (C y , C z ) can be obtained from the following equations: As can be seen in Fig. 2 , the little round angle is neglected. Since the small amount of area is neglected, the area of available contact section (hatching zone) A h at the exit section can be determined by
. So the vertical roll for rolling the top of rail can be simplified as a flat roll which radius is R vt and the gap is Ḡ vt . As shown in Fig. 3 , the profile of the base of rail at the exit cross-section can be simplified as a equivalent rectangular cross-section which width is W b1 and height is H b1 . The equivalent height H b1 can be expressed as ....... (26) Where a h2 is the oblique angle of the left flank of horizontal roll.
So, the simplified model of rail rolling can be shown as Fig. 4 .
Based on the simplified model of rail universal rolling mentioned above, there are 5 contact zone existing in the deformed workpiece ( Fig. 5): (1) the contact zone I between the vertical roll and the top of rail; (2) the contact zone II between the horizontal roll and the web of rail; (3) the contact zone III between the vertical roll and the base of rail; (4) the contact zone IV between the horizontal roll and the top of rail; (5) the contact zone V between the horizontal roll and the top of rail.
Neutral Angle of Horizontal Roll and Vertical Roll
The neutral angle is an important parameter since it defines the relative-movement condition between the roll and the deformed metal in the deformation zone, and it has to be considered in computing the relative friction between the roll and the deformed metal.
Determination of the Neutral Angle of the Vertical
Roll According to the research of W. Zhang, 5) the neutral angle of the vertical roll can be derived from the equilibrium conditions of the torque acting on the vertical roll. the friction torque M vb acting on the vertical roll from the base of rail can be expressed as ...... (27) where W b is the mean width of the base of rail in deformation zone.
The friction torque M 0b acting on the vertical roll from the bearing of the vertical roll for rolling the base of rail can be obtained by 
The Neutral Angle of the Horizontal Roll
The neutral angle of horizontal roll can be obtained by the law of constant volume of metal flow ( Fig. 6 3 . Schematic plan of simplifying the vertical roll. 2) and Xiao-guang Jin 3) for studying the forward slip coefficient of H-beam universal rolling, the concept "neutral line on the flank of horizontal roll" was proposed. For determining the equation of neutral line, a random point, which is on the contact zone between the flank of horizontal roll and the base of rail, has been chosen ( 41) where H bx is the height of the base of rail at the cross-section where this point locates, H b1 is the height of the base of rail at the exit section, V 1 is the velocity of rail at the exit section.
As can be seen in 
Forward Slip Coefficient of the Top and Base of Rail
According to the condition of constant flow volume of metal, the following equation can be obtained (Fig. 7) ...... The rigid-plastic FEM model of rail universal rolling is built as Fig. 11 for the symmetry of workpiece. The horizontal is defined as a rigid body, the workpiece is defined as rigid-plastic body, and the driven vertical roll are jacketed on the supporting spindle and they are defined as elastic body, the supporting spindles are defined as rigid body. The size of initial workpiece is shown as Fig. 11 . The FEM model of universal mill is shown as Fig. 12(a) . For biting into the gap easily, the head of initial workpieces are cut as Figs. 12(b) and 12(c). So the web of rail will contact the horizontal roll before it contact the vertical roll.
The material of heavy rail is rare-earth rail steel BNbRe, and its resistance to the deformation can be obtained by the physical simulation experiments, the details can be seen in Ref. 18 ). The material of light rail is plain carbon steel Q235, and its resistance to the deformation can be obtained by the Ref. 19 ). The chemical composition of the heavy rail steel and light rail steel are shown in Table 2 and Table 3 respectively.
The rolling schedule of 60 kg/m heavy rail universal rolling and 18 kg/m light rail universal rolling are shown as Table 4 and Table 5 .
The coefficient of heat transfer for convection between the workpiece and the environment is chosen as 0.02 N/(s · mm ·°C), and the coefficient of heat transfer for contact between the workpiece and the roll is chosen as 11 N/(s · mm ·°C). The conversion coefficient from mechanical energy to heat energy is chosen as 0.9. The environment temperature is defined as 25°C, and the initial temperature of heavy rail is defined as 1 150°C. The friction type is defined as shear friction and the friction coefficient of heavy rail universal rolling is chosen as 0.25, and the friction coefficient of light rail universal rolling is chosen as 0.35.
A part of numerical simulation result is shown as Figs.  13-16 . The velocity of workpiece No. 2-1 in the 18 kg/m light rail universal rolling is shown as Fig. 13 , and the corresponding velocity of vertical rolls in the 18 kg/m light rail universal rolling are shown as Figs. 14(a) and 14(b) . The velocity of workpiece in the pass UR1 during the 60 kg/m heavy rail rolling is shown as Fig. 15, and numerical simulation results, the forward slip coefficient based on the Rigid-Plastic FEM can be obtained.
The Experiments of Light Rail Universal Rolling
The light rail universal rolling experiments are accomplished by the three-stand universal mills in the Yanshan University Rolling Laboratory. As can be seen in Fig. 17 , the main experimental equipments are the data acquisition system, the infrared thermometer, the three-stand universal mills and the box type heater. The initial workpiece for the rail universal rolling is a 18 kg/m light rail which length is 6 m. This light rail is divided into 20 pieces and the length of every pieces is 300 mm long. For biting into the gap easily, the head of workpiece is cut as same as the profile of FEM model.
A part of rolled pieces are shown as Fig. 18 . For obtaining the value of forward slip coefficient, some pits are chiseled on the surface of the horizontal roll and vertical roll with the same distance, and some humps on the surface of workpiece can be obtained after the workpiece is rolled in the universal mill. As can be seen in Figs. 19(a),  19(b) and 19(c) , the forward slip coefficient can be calculated by measuring the distance between two adjacent hump.
Results and Discussions
The field data, the Rigid-Plastic FEM simulation results and the theoretical model results of forward slip coefficient in 60 kg/m heavy rail universal rolling is listed in Table 6 , and the field data the experimental results, the Rigid-Plastic FEM simulation results and the theoretical model results of forward slip coefficient in light rail universal rolling experiments is listed in Table 7 .
As can be seen in Table 6 and Table 7 , the forward slip coefficient of the web of rail is always less than 1 in rail universal rolling. That's to say, the deformation zone of the web of rail is complete backward slip zone. On the contrary, the forward slip coefficient of the base and top of rail are always greater than 1 in rail universal rolling. Because the horizontal roll is driving and the vertical roll is driven, the metal flow of the web of rail will be restricted by the base and top of rail and the outgoing velocity of the web of rail is less than the linear velocity of the horizontal roll. So the forward slip coefficient of the web of rail is always less than 1. Since the corresponding vertical roll is actually driven by the base of rail or top of rail, the outgoing velocity of the base or top of rail is greater than the linear velocity of corresponding vertical roll.
Conclusion
In this paper, the method of force equilibrium has been employed to derive a series of equations for forward slip coefficient, which is applicable to different size of workpiece and different pass schedule.
(1) In general, the forward slip coefficient of the web is less than 1 in rail universal rolling. If the reduction of the base and top of rail is small enough in rail universal rolling, the forward slip coefficient of the web can be greater than 1.
(2) Whatever are the rolling conditions, the forward slip coefficient of the base and top of rail relative to the vertical roll is always greater than 1. 
